INTRODUCTION
Otoacoustic emissions ͑OAEs͒ ͑Kemp, 1978 are now a well-known phenomenon. The different OAE phenomena, and amongst them, acoustic distortion products otoacoustic emissions ͑DPOAEs͒ represent a unique tool to study cochlear mechanics in humans. DPOAEs are otoacoustic emissions evoked by two pure tone stimuli of different frequencies f 1 and f 2, known as primary frequencies. The DPOAE frequencies are algebraic combinations of the frequencies f 1 and f 2. Different DPOAEs components can therefore be recorded, but only one of them, the 2 f 1Ϫ f 2 DPOAE, has been thoroughly investigated in humans. Moreover, few studies have dealt with DPOAE phase in humans ͑Kimberley et Whitehead et al., 1994; O Mahoney and Kemp, 1995͒ . In a companion paper ͑Moulin and Kemp, 1996͒, we have shown how DPOAE phase can be used to study cochlear traveling delays, and provided normative DPOAE latency data using phase-versus-frequency functions ͑PFF͒ for 2 f 1Ϫ f 2, 3 f 1Ϫ2 f 2, and 2 f 2Ϫ f 1 DPOAE components in normally hearing human ears. The DPOAE PFFs can be recorded using two different paradigms: An f 1 sweep method consisting in changing the frequency of the first primary while the f 2 primary is fixed, and an f 2 sweep method consisting in changing the f 2 frequency with f 1 fixed. Several arguments suggest that the place of DPOAE generation on the cochlear partition is determined by f 2 ͑Kim et Brown and Kemp, 1984; Allen and Fahey, 1993͒ . Therefore, the f 1 sweep method is not expected to give the same results as the f 2 sweep: In the f 1 sweep, the DPOAE generation place remains fixed, whereas in the f 2 sweep, the DPOAE generation place moves. Comparing the two sweep methods is then expected to give insight into the DPOAE generation mechanisms, and bring information on how the DPOAE generation site moves with the primaries along the cochlear partition. Kimberley et al. ͑1993͒ reported that the 2 f 1Ϫ f 2 DPOAE phase was a linear function of the f 1 frequency ͑with a fixed f 2͒, and suggested that this linear function supports the assumption of a site of DPOAE generation close to the f 2 frequency. However, our previous results showed that the PFFs can be estimated as linear for latency calculation purposes only within a certain range of primary ratios f 2/f 1, for the f 2 sweep as well as for an f 1 sweep ͑Moulin and Kemp, 1996͒ . The difference between the two methods is not apparent in the nonlinearity of the PFF for a limited f 2/f 1 range ͑Moulin and Kemp, 1996͒ , and needs therefore to be investigated in other features of the DPOAE PFFs.
In the companion paper, for all DPOAE components recorded, the DPOAE latency was shown to decrease as the frequency increased whatever sweep method used. However, the DPOAE latency varied according to the sweep method used. The f 2 sweep method gave consistently longer latencies than the f 1 sweep method for the 2 f 1Ϫ f 2 and 3 f 1 Ϫ2 f 2 components, but no difference between the two sweep methods has been obtained with the upper sideband 2 f 2Ϫ f 1 DPOAE. Moreover, the 2 f 2Ϫ f 1 DPOAE latency seemed to show greater intersubject differences, and to be more sensitive to gender differences. The origin of the differences between, on the one hand, the two sweep methods, and, on the other hand, the different DPOAE components, needs to be discussed according to different hypotheses of DPOAE generation. In order to describe the movement of the DPOAE generation site in relation to the traveling waves of the two primaries, two different models have been proposed: the place-fixed and wave-fixed models ͑Kemp, 1986͒. These models need to be analyzed and compared to experimental results.
In the companion paper, a comparison between DPOAE latencies obtained by the phase gradient method and normative cochlear traveling wave delays data estimated in humans by auditory brain-stem responses ͑ABR͒ ͑Neeley et al., 1988͒ showed an agreement, and suggested the DPOAE return latency to be shorter than the forward latency. However, ABR represent an indirect method to estimate cochlear mechanical traveling wave delays in humans. In this paper, we will estimate the DPOAE return latency using a comparison between the latencies of different DPOAE components recorded simultaneously.
I. MATERIAL AND METHODS
The 2 f 1Ϫ f 2, 3 f 1Ϫ2 f 2, and 2 f 2Ϫ f 1 DPOAE PFFs have been recorded in 12 normal-hearing adults, using two methods, depending whether f 1 or f2 was swept in frequency, defining, respectively, an ''f 1 sweep'' and an ''f 2 sweep'' method. ͑Figure 3 summarizes the frequency sweeps performed to collect the data.͒ The material and methods used are fully described in the companion paper ͑Moulin and Kemp, 1996͒.
II. THEORETICAL ANALYSIS
The latency of any DPOAE component, can be expressed as a forward latency ͑FL͒, which is a function of the transmission time of the two primary frequencies from the outer canal to the place of DPOAE generation, plus a return latency ͑RL͒, representing the time needed by the DPOAE to travel back. The experimental latency measured by the phase gradient therefore includes the forward latency plus an additional phase lag due to reverse propagation of the DPOAE to the outer ear canal ͑Kemp and Brown, 1983͒, which will be described as the return latency.
Expressing the forward latency ͑FL͒ in terms of phase gradient method, we have the general formula:
with f 1 and f 2 the frequencies in Hz of the primaries, FL the latency in seconds, n integer, 1 and 2 the phases of the stimuli at the point of DPOAE generation, expressed as the number of complete cycles for respectively the first and second primaries f 1 and f 2.
In our experiments, the primary frequencies were changed in equal hertz steps, whether an f 1 sweep or an f 2 sweep method was used, ͑within each set of frequencies͒. Therefore:
‫͑ץ‬ f 2 ͒ϭ‫͑ץ‬ f 1 ͒ϭ‫͑ץ‬ f ͒. ͑2͒
The formula ͑1͒ can be used, for each DPOAE component, to compare the forward latencies obtained using an f 1 sweep and using an f 2 sweep method, and then to compare the forward latencies between different DPOAE components.
A. Comparison of f1 sweep and f2 sweep latencies
Although the latency of any DPOAE component can be defined by formula ͑1͒, the variations of 1 and 2 at the point of DPOAE generation, and as f 1 or f2 move are not known because, first, the propagation characteristics are not exactly known, but, more importantly, the motion of the DPOAE generation site with the primaries is not known. Two hypotheses exist to deal with the movement of the DPOAE generation site as the primaries change in frequency: the place-fixed and the wave-fixed models ͑Kemp, 1986͒. So, the variation of the DPOAE phase with frequency depends on whether a place-fixed or a wave-fixed model is used, and what assumption is made concerning the DPOAE generation site.
We will use f 2 to define the most likely generation region of DPOAEs, and define the DPOAE models used, taking the 2 f 1Ϫ f 2 DPOAE component as an example.
The ''place-fixed'' hypothesis
In the place-fixed model, an irregularity which is fixed on the cochlear partition, near the f 2 place, is considered to be the origin of the DPOAE. As the stimulus waves, f 1 and f 2, move across this irregularity, a DPOAE is generated at this site which is fixed for a small range of frequencies ͓Fig. 1͑A͔͒. The place of generation is then not affected by a small change of the frequency, such as 1.2% which is the step change in frequency used in this study to calculate the latencies.
The formula ͑1͒, applied to the 2 f 1Ϫ f 2 DPOAE component, gives the inward latency expressed as
For the f 1 sweep method ͑f 2 fixed͒, as d͑2͒ϭ0, formula ͑3͒ becomes:
For the f 2 sweep method ͑f 1 fixed͒, the formula becomes:
In the place-fixed model (p), as the generation site is supposed to be a cochlear irregularity situated near the f 2 place, the phase delay met when f 2 is moved is longer than the phase delay met when f 1 is moving, because the irregularity at the origin of the DPOAE is nearer to the f 2 peak, and thus in a region where the number of waves is high. Also, the majority of the traveling wave delay is accumulated near the region of the peak. The f 2 sweep is therefore expected to give longer latency than the f 1 sweep, the proximity of the f 2 peak contributing to an additional delay.
This agrees with the analysis of the transmission times, following O Mahoney and Kemp's work ͑O Mahoney and Kemp, 1995͒ , which suggests that the latencies obtained by the f 1 sweep and the f 2 sweep methods are not equivalent.
The transmission times (Tt) obtained when keeping f 2 fixed and moving f 1 ͑f 1 sweep method͒ (Tt1) can be compared with the transmission times obtained with keeping f 1 fixed and moving f 2 ͑f 2 sweep method͒ (Tt2).
f2 fixed, f1 moves. The transmission time Tt1 will be equal to the delay of the f 1 wave up to the DPOAE generation place tg1ϩthe return journey time tr1 (Tt1ϭtg1 ϩtr1). As we consider the DPOAE generation place to be near the f 2 place, the f 1 wave will have accomplished only the initial and fastest part of its journey when reaching the generation place. Indeed, due to wave dispersion, the group velocity slows down as the wave travels further from the base of the cochlea until it reaches its frequency place ͑Lighthill, 1991͒. If we consider t1 as the transmission time of the f 1 wave up to its maximum peak, we know that tg1 Ͻt1. As f 1 travels further from f 2, i.e., as the f 2/f 1 increases, t1Ϫtg1 increases.
f2 moves, f1 fixed. The transmission time Tt2 will be equal to the delay of the f 2 wave up to the DPOAE generation place tg2ϩthe return journey time tr2 (Tt2ϭtg2 ϩtr2). As we consider the DPOAE generation site to be near f 2, tg2 will not be very different to the transmission time of the f 2 wave to its maximum peak t2. So tg2рt2: t1Ϫtg1Ͼt2Ϫtg2.
We know also that, because of its lower frequency, at a given point along the cochlear partition, the f 1 wave travels faster than the f 2 wave, so that t1Ͻt2. This implies tg1 Ͻtg2.
As both frequency sweeps cross each other at a common point, the reverse traveling times obtained by each of the two methods are equal: tr1ϭtr2ϭtr. Therefore, Tt1ϽTt2.
In the place-fixed model, the transmission time estimated by the f 1 sweep method is then expected to be shorter than the transmission time estimated by the f 2 sweep method.
However, even if the place of generation is linked to cochlear irregularities, it is necessary that as the frequency changes, the cochlear place at the origin of the DPOAE must eventually change. Therefore, an ''absolute'' place-fixed model is not viable over a large frequency range.
The ''wave-fixed'' hypothesis
In the wave-fixed hypothesis, if we still consider the f 2 place as the DPOAE generation site, the place of generation therefore moves with the f 2 wave envelope ͓Fig. 1͑B͔͒. The DPOAE generation is not linked to a specific cochlear place, but to the f 2 traveling wave itself. The problem appears more complicated than the place fixed hypothesis, as the DPOAE launch site would move with the f 2 frequency.
Therefore, in the wave-fixed model (w), when f 1 moves, the DPOAE phase change depends only on the phase of f 1 read by the f 2 place ͑1͒ which fixes the place of generation. When f 2 moves, the DPOAE phase change depends only on ͑ b 1͒, which is the phase of f 1 read by the sweep of the f 2 envelope.
f1 sweep method. If we consider the DPOAE generation site fixed to the f 2 wave, this case is not different from the place-fixed scenario as the f 2 wave is fixed.
For the f 1 sweep method ͑f 2 fixed͒, formula ͑3͒ becomes, as ‫͒2͑ץ‬ϭ0:
Behavior of the DPOAE generation site ͑arrows͒ in relation to the traveling waves of the primaries f 1 and f 2, for the place-fixed, wave-fixed, and intermediate models. Each model is shown for f 1 fixed and f 2 decreasing in frequency in three steps ͑1, 2, and 3͒. ͑A͒ In the place-fixed model, the place of DPOAE generation does not move, and therefore reads a different phase of f 2 as f2 moves. ͑B͒ In the wave-fixed model, the place of DPOAE generation moves always with f 2, and therefore reads the same part of f 2. ͑C͒ In the intermediate model, the place of DPOAE generation remains fixed when f 2 moves one step, and therefore reads a different part of f 2. However, when f 2 moves further ͑step 3͒, the place of generation jumps to a new place, and read different parts of both traveling waves.
f2 sweep method. Because DPOAE inherits its phase in the same algebraic way as its frequency is determined, the 2 f 1Ϫ f 2 DPOAE will inherit twice the phase lag of f 1 met during the sweep of the f 2 envelope ͑1 b ͒. Because the DPOAE generation is wave fixed, we presume the phase of f 2 at the particular point where the DPOAE is generated should not change with the sweep of f 2.
In the wave fixed model, a large f 2 sweep latency cannot be explained by an extra delay added by the peak of the f 2 envelope because the waves within the f 2 peak are not traversed by either f 1 or f 2 sweep. However, the change of phase of f 1 read during the f 2 sweep is difficult to estimate. If it is equal to the phase lag obtained during an f 1 sweep ͑1͒, the latency obtained should be twice as long as the f 2 fixed scenario, as the same phase lag is obtained with half the change in frequency. In summary, in a wave fixed scenario, the latency obtained with an f 2 sweep is likely to be longer than the latency obtained with an f 1 sweep, if we assume that 2.1 b Ͼ1.
Assuming smooth frequency to place cochlear mapping, a perfect wave-fixed model cannot explain the phase irregularities observed in the PFFs in the companion paper, and we have seen that a place-fixed model is not viable over a wide range of frequencies. We therefore need another model, called the ''intermediate model,'' which includes some characteristics of the place-fixed model, for little changes of frequency, and some characteristics of the wave-fixed model, for greater changes of frequency.
The ''intermediate model''
In the ''intermediate model, ' ' we postulate that, as f 2 frequency changes only a little, the generation place may be effectively fixed, but a different part of the f 2 wave is read, resulting in a difference of phase. If the f 2 frequency continues to change, the generation place can change with the f 2 wave, or to another irregularity met by the f 2 wave along the cochlear partition ͓Fig. 1͑C͔͒. Actually, the generation place has to change when the current irregularity becomes outside the f 2 envelope. This results in a mixed model, made up of place-fixed behavior and/or wave-fixed behavior for some minor changes of frequency, but behaving on average as a wave-fixed model for substantial changes in frequency. A discontinuity in phase possibly occurs each time the change of the frequency provokes a change to another site of DPOAE generation along the cochlear partition. Indeed, if, as f 2 moves, the DPOAE site of generation moves suddenly from one site to another, its movement along the cochlear partition can momentarily exceed the rate of the f 2 movement. This model predicts then some discontinuities in the PFFs.
When the f 1 sweep method is used and if we consider the DPOAE generation site fixed to the f 2 wave, the intermediate model is not different from the place-fixed or wavefixed scenarios as the f 2 wave is fixed. With f 2 fixed, the phase lag of f 1 is read as f 1 moves. As ‫2ץ‬ϭ0, the general formula ͑3͒ becomes
When the f 2 sweep is used in the intermediate case, in contrast to the place-fixed and wave-fixed models, both the phases of f 1 and f 2 must be taken into account because, when f 2 moves, it is possible that the generation place moves. It may read a different phase-lag of f 1 ͑ c 1͒. Here c 1 changes will be doubled by the DPOAE generation process, whereas the frequency change will depend only on f 2 change. This would give a result similar to the wave-fixed scenario. However, in this case, the DPOAE generation site is not necessarily linked to the waveform envelope itself, therefore the phase of f 2 ͑ b 2͒ changes as its frequency and the place of DPOAE generation change. Formula ͑3͒ becomes
͑9͒
This Eq. ͑9͒ can be considered to be the sum of two partial ͑or component͒ latencies. It is therefore difficult to predict how different the f 2 sweep and f 1 sweep latencies will be.
In the intermediate model, unlike the wave-fixed model, the phase of f 2 is taken into account, adding a phase delay component coming from the region of the generation site, and relating to the peak of the f 2 traveling wave.
This new latency component varies according to the position of the f 2 traveling wave in relation to the DPOAE generation site. The DPOAE generation site can move more or less than the f 2 wave. We define k as being the ratio of the actual movement of the DPOAE generation place to the actual movement of the f 2 wave.
͑1͒ If the DPOAE generation site moves exactly like the f 2 wave, kϭ1 and it is a wave-fixed model. The phase of f 2 does not change as f 2 changes. This means that c 1 is actually the maximum change of phase that can be obtained during an f 2 sweep, which is equal to b . In this case,
͑2͒ If the DPOAE generation site is fixed to the cochlear partition, its distance moved with f 2 is zero ͑kϭ0͒, and the phase of f 1 remains fixed as it is read by a fixed point. It is a place-fixed model. This means that c 2 represents the maximum change of phase of f 2 during an f 2 sweep, which would occur if the place of DPOAE generation did not move at all. In this case, ‫(
Obviously, these two extreme cases are mutually exclusive, so that we can write c 1ϭk b 1 and b 2ϭ͑1Ϫk ͒2.
Equation ͑9͒ can then be rewritten as
According to this model, the value of k defines the degree to which DPOAE generation is considered to be place fixed or wave fixed. Figure 2 shows schematically the place of the DPOAE generation site as a function of the frequency according to the different models defined. If the DPOAE site of generation moves for each f 2 step, the PFF would follow a wavefixed model, which is represented in part ͑B͒ of the figure. However, it is likely that the DPOAE generation depends, to some extent, to cochlear anatomical or physiological features and is affected by specific cochlear damage. It is possible that the place-fixed behavior always occurs to a certain extent, either in some irregular area, or appears for some small frequency variation. If f 2 is varied by small steps, then the DPOAE generation site can remain fixed for a few steps, which is represented in part ͑A͒ of Fig. 2 . In that case, the place-fixed model would be dominant over a limited frequency range. However, if f 2 moves in large steps, the DPOAE site will move for each step, so that the model will appear to be wave fixed even if the cochlea has place-fixed properties on a smaller scale. The PFFs could have the result of the combination of the two models, i.e., place fixed and wave fixed, combination described here as the intermediate model ͓parts ͑A͒ and ͑C͒ of Fig. 2͔ . The k value can then be considered as the proportion of place-fixed or wave-fixed behavior in the frequency range tested. Here k greater than 1 allows sudden changes in the DPOAE generation place between local place-fixed or wave-fixed behaviors. After having been fixed, the place of DPOAE generation moves suddenly to a next place ͑as f 2 is moved͒, exceeding temporarily the movement of the f 2 wave itself. As the DPOAE generation site moves within the f 2 envelope in the opposite direction to the f 2 envelope, the change of phase of f 2 read by the moving DPOAE site would then be subtracted from the change of the phase of f 1 read during the sweep of the f 2 envelope.
As now each DPOAE component latency can be defined by an equation, for each DPOAE model and each sweep method, the difference of latencies between the different DPOAE components can be predicted.
B. Comparison between the different DPOAE components

Comparison between 2 f1؊f2 and 3f1؊2 f2
The same form of equations as for the 2 f 1Ϫ f 2 DPOAE component can be used for the 3 f 1Ϫ2 f 2 DPOAE component.
The general formula ͑1͒ becomes
Place-fixed model For the f 1 sweep method ͑f 2 fixed͒, as ‫͒2͑ץ‬ϭ0 and
For the f 2 sweep method ͑f 1 fixed͒, the formula becomes
Wave-fixed model For the f 1 sweep method ͑f 2 fixed͒, as ‫͒2͑ץ‬ϭ0, formula ͑12͒ becomes
''Intermediate model'' When f 2 is fixed, the phase lag of f 1 is read as f 1 moves. Formula ͑12͒ becomes, as d 2 ϭ0:
When f 1 is fixed, formula ͑12͒ becomes:
͑18͒
The same transformations as applied to the 2 f 1Ϫ f 2 component can be used, so that Eq. ͑18͒ becomes: FIG. 2 . Distance from the base of the DPOAE generation site as a function of the f 2 frequency. The three DPOAE models of generation are specified. B represents the wave-fixed model: the DPOAE generation site is fixed on the f 2 wave and moves smoothly with it. D represents the place-fixed model: the DPOAE place of generation is fixed within the cochlea, and doesn't move with f 2. ͑A͒ and ͑C͒ represent the intermediate model, where place-fixed and wave-fixed models are coexisting. In the ͑A͒ case, the placefixed part can be perceived as an irregularity. In the ͑C͒ case, the DPOAE place of generation is fixed only for very small variations of f 2, so that part ͑C͒ can appear to behave as a wave-fixed model.
A comparison between the equations obtained for the 2 f 1Ϫ f 2 DPOAE component and the ones obtained for the 3 f 1Ϫ2 f 2 DPOAE components gives different results according to the DPOAE model and the sweep considered.
According to the place-fixed model, the equations are identical, whether the f 1 sweep or the f 2 sweep is considered, so that, according to this model, no difference in forward latency between the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 is expected.
When the wave-fixed or the intermediate models are considered, the equations are similar for the f 1 sweep: No difference in the f 1 sweep forward latency between 2 f 1 Ϫ f 2 and 3 f 1Ϫ2 f 2 is expected. However, a difference in the f 2 sweep forward latency is expected:
According to the wave-fixed model:
͑20͒
According to the intermediate model:
͑21͒
The difference between the partial latencies obtained with the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE components are due only to the wave-fixed component of the intermediate model.
Comparison between 2 f2؊f1 and lower sideband DPOAE component
The same kind of equations as for the lower sideband DPOAEs can be written for the 2 f 2Ϫ f 1 DPOAE component, and compared to other components, if we make the assumption that all components have the same generation site.
Place-fixed model For the f 1 sweep method ͑f 2 fixed͒
For the f 2 sweep method ͑f 1 fixed͒:
Wave-fixed model For the f 1 sweep method ͑f 2 fixed͒
For the f 2 sweep method ͑f 1 fixed͒
With f 2 sweep
When the place-fixed model is considered, the same equations are obtained for the 2 f 2Ϫ f 1 and for the lower sideband DPOAE components ͑4͒ and ͑5͒. Like the 2 f 1 Ϫ f 2, the 2 f 2Ϫ f 1 DPOAE latency is therefore expected to show a difference in latency between the two sweeps.
Whatever DPOAE model is considered, the equations obtained for all DPOAE components are identical for the f 1 sweep method. Therefore, no differences in forward latencies between the different DPOAE component are expected with an f 1 sweep method.
When the wave-fixed or intermediate models are considered, a difference in the forward latency between the lower sideband DPOAEs and the 2 f 2Ϫ f 1 DPOAE should be expected, when the latencies are obtained using an f 2 sweep method.
Wave-fixed model:
Intermediate model:
The difference in forward latency between the 2 f 1Ϫ f 2 and 2 f 2Ϫ f 1 DPOAE components is expected to be greater ͑1.5 times͒ than the difference in forward latency between the 3 f 1Ϫ2 f 2 and the 2 f 2Ϫ f 1.
III. RESULTS
A. Comparison of latencies obtained with the two different methods (f1 sweep and f2 sweep)
2 f1؊f2
The 2 f 1Ϫ f 2 latencies were compared according to the sweep methods used ͑Fig. 3͒.
The latency obtained with the f 1 sweep correlated strongly with the latency obtained with the f 2 method, whatever frequency was considered: correlation coefficients ranged from 0.73 ͑pϽ0.01͒ at 1.5 kHz to 0.95 ͑pϽ0.0001͒ at 757 Hz. Figure 4 shows the difference in the 2 f 1Ϫ f 2 DPOAE latency between the f 1 sweep and the f 2 sweep as a function of frequency for each subject. The latency obtained with the f 2 sweep was constantly longer than the latency obtained with the f 1 sweep. The difference between both methods was highly significant, with pϽ0.001 ͑paired t test͒, whatever frequency was considered.
Moreover, the variation of the latency as a function of the frequency depended on the method used ͓Fig. 5͑A͔͒. The coefficients of the general Eq. ͑33͒ Latency DPOAE ϭBϪA•log( f 2), with f 2 in kHz, differed significantly according to the method used:
ϫlog͑ f 2 ͒ for the f 2 sweep,
͑33͒
Latency ͑ 2 f 1Ϫ f 2, f 1 sweep͒ ϭ7.5Ϫ6.9 ϫlog͑ f 2 ͒ for the f 1 sweep.
͑34͒
The latency gradient was significantly lower for the f 2 sweep ͓Ϫ7.9 ms per log( f 2)͔ than for the f 1 sweep ͓Ϫ6.9 ms per log( f 2)͔, tϭϪ4.6, pϽ0.001. The B constant was significantly greater for the f 2 sweep ͑9.6 ms͒ than for the f 1 sweep ͑7.5 ms͒, paired tϭ15.9, pϽ0.0001. No significant difference was seen in the correlation coefficients, but the variability of the points across the best fit line was significantly greater for the f 2 sweep ͑0.79 ms s.d.ϭ0.22͒ than for the f 1 sweep ͑0.67 ms, s.d.ϭ0.29͒, paired tϭ2.3, pϽ0.05.
The difference in ms between both sweeps varied significantly with frequency ͓Anova-R, F͑9,110͒ϭ8.07, pϽ0.001͔, as shows A similar pattern is shown when considering the ratio of latencies obtained with the two methods: the f 2 sweep/f 1 sweep latency ratio ͑LR͒ varied significantly with frequency ͓Anova-R, F͑9,110͒ϭ9.64, pϽ0.001͔ ͓Fig. 5͑C͔͒. LR increased with frequency, from 1.18 at 750 Hz to 1.52 at 2 and 4 kHz, and then decreased with frequencies above 4 kHz, with 1.30 at 6 kHz. The f 2 sweep latency was constantly longer than the f 1 sweep latency, with a mean percentage of difference of 25.6% ͑s.d.ϭ9.4%͒, but varying significantly with frequency, ranging from 14.6% at 750 Hz to more than 33% at 2, 3, and 4 kHz.
The separation between both latencies, expressed as LR, was analysed as a function of the absolute values of the latencies for each frequency ͑Table I͒. Significant positive correlations were found between the LR and the absolute values of the latency obtained with the f 2 sweep at 4, 5, and 6 kHz. At high frequencies, the LR increased as the absolute value of the latency increased, when the latter was measured with the f 2 sweep. Significant negative correlations have been found at 1 and 1.2 kHz ͑with the f 1 sweep͒ ͑Table I͒.
The separation between the latencies obtained by the two sweep methods, expressed as the difference in ms between the two latencies ͑LD͒, was analyzed as a function of the absolute values of the latencies for each frequency ͑Table I͒. Significant positive correlations were found between the LD and the absolute values of the latency obtained with the f 2 sweep at all frequencies except 1000 and 1257 Hz ͑Table I͒. The LD increased as the absolute value of the latency FIG. 3 . Frequency parameters used in this study. The f 1 primary frequency has been kept fixed, while f 2 was changing in frequency, defining an f 2 sweep. The f 2 primary frequency has been kept fixed, while the first primary was changing, defining an f 1 sweep. The frequency range of both sweeps is shown for all the ten pairs of primaries used. The inside panel shows details of sweeps corresponding to one pair of primaries ͑f 1ϭ806 Hz, f 2ϭ1001 Hz͒. increased, when the later was measured with the f 2 sweep. No correlation between the LD and the latency measured with the f 1 sweep were found, except at 2 kHz ͑Table I͒.
2 f2؊f1
The latency obtained with the f 1 sweep correlated with the latency obtained with the f 2 method at all frequencies except at 5 and 6 kHz, where the number of subjects with a 2 f 2Ϫ f 1 DPOAEs was only 7. The correlation coefficients ranged from 0.63 ͑pϽ0.05͒ at 1 kHz to 0.92 ͑pϽ0.0001͒ at 757 Hz for frequencies under 5 kHz.
No significant differences between the f 1 sweep and f 2 sweeps have been obtained, at all frequencies except 4000 Hz ͓Fig. 6͑A͔͒. At 4 kHz, the latency obtained with the f 2 sweep was significantly longer than the latency obtained with the f 1 sweep ͑3.2 ms, s.d.ϭ0.9 vs 2.7 ms, s.d.ϭ0.6, paired tϭ2.52, pϽ0.05͒. FIG. 5 . Comparison of the latencies obtained by the f 2 sweep and the f 1 sweep method for the 2 f 1Ϫ f 2 DPOAE component. ͑A͒ 2 f 1Ϫ f 2 DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 2 sweep method ͑black circles͒ and with the f 1 sweep method ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The difference between the two methods is highly significant ͑paired t test͒: pϽ0.001. ͑B͒ Differences in latencies in ms ͑mean Ϯ s.d.͒ between the two methods ͑f 2 sweepϪf 1 sweep͒ as a function of the f 2 frequencies in kHz, ͑2 f 1Ϫ f 2 DPOAE component͒. ͑C͒ Ratio of the latencies ͑mean Ϯ s.d.͒ obtained by the two methods ͑f 2 sweep/f 1 sweep͒ as a function of the f 2 frequencies in kHz, ͑2 f 1Ϫ f 2 DPOAE component͒. The decrease of the latency as a function of the frequency did not vary significantly according to the method used. The general equations ͑35͒ and ͑36͒ were not significantly different:
The variation of the latency measurement points across the best fit line was not significantly different according to the method used, nor were the correlation coefficients. Figure 6͑A͒ shows the latencies obtained with both methods, for each frequency tested. Comparisons have been made by paired t tests. The number of ears for each frequency ͑mentioned at the bottom of the figure͒ differed as some subjects didn't have a 2 f 2Ϫ f 1 DPOAE, especially at high frequencies. However, at all frequencies but 5 kHz, the latency obtained with an f 2 sweep was slightly longer than the latency obtained with the f 1 sweep. When all frequencies were pooled together, a significant longer latency was obtained with the f 2 sweep method ͓6. Significant positive correlations were found between the LR and the absolute values of the latency obtained with the f 2 sweep at 757 Hz and 1 kHz ͑Table I͒. For 757 and 1000 Hz, the LR increased as the absolute value of the latency, measured with the f 2 sweep method, increased. Significant negative correlations have been found between the LR and the latencies obtained with the f 1 sweep method at 879 Hz, 1.2, 1.5, 2, and 6 kHz ͑Table I͒.
Significant positive correlations were found between the LD and the absolute values of the latency obtained with the f 2 sweep method at 757 Hz and 4 kHz. At these frequencies, the LD increased as the absolute value of the latency increased, when the later was measured with the f 2 sweep method. When the latency was measured with the f 1 sweep method, significant negative correlations were found at 879 Hz, 1.2, 1.5, 2, and 6 kHz. At these frequencies, the LD decreased as the absolute value of the latency obtained with the f 1 sweep increased.
3f1؊2 f2
The latency obtained with the f 1 sweep correlated with the latency obtained with the f 2 method at 757, 1001, 4004, and 6006 Hz, with correlation coefficients ranging from 0.63 ͑pϽ0.05͒ at 6 kHz to 0.99 ͑pϽ0.01͒ at 4 kHz. Figure 7͑A͒ shows the latency of the 3 f 1Ϫ2 f 2 DPOAE as a function of the frequency for both methods. Whatever the frequency was, the f 2 sweep showed longer latencies than the f 1 sweep, with significant differences at all frequencies except at 750 Hz and 3 kHz. It must be noted FIG. 6 . Comparison of the latencies obtained by the f 2 sweep and the f 1 sweep method for the 2 f 2Ϫ f 1 DPOAE component. ͑A͒ 2 f 2Ϫ f 1 DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 2 sweep method ͑black circles͒ and with the f 1 sweep method ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The star indicates the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05. ͑B͒ Differences in latencies in ms ͑mean Ϯ s.d.͒ between the two methods ͑f 2 sweepϪf 1 sweep͒ as a function of the f 2 frequencies in kHz, ͑2 f 2Ϫ f 1 DPOAE component͒. The number of ears for each frequency is the same as in ͑A͒. ͑C͒ Ratio of the latencies ͑mean Ϯ s.d.͒ obtained by the two methods ͑f 2 sweep/f 1 sweep͒ as a function of the f 2 frequencies in kHz, ͑2 f 2Ϫ f 1 DPOAE component͒. The number of ears for each frequency is the same as in ͑A͒.
that, at 3 kHz, only three subjects out of 12 showed a 3 f 1 Ϫ2 f 2 with both methods. The result at 3 kHz might then not be relevant.
for the f 2 sweep. ͑37͒
for the f 1 sweep. ͑38͒
The mean LD between the two sweeps was 1. Significant positive correlations were found between the LR and the absolute values of the latency obtained with the f 2 sweep method at 879 Hz, 1.5 and 3 kHz ͑pϽ0.05͒ and 757 Hz, 1.2, 4 kHz ͑pϽ0.10͒. For these frequencies, the LR increased as the absolute value of the latency, measured with the f 2 sweep method, increased. Significant negative correlations were found between the LR and the latencies obtained with the f 1 sweep at 1, 1.2, 1.5, 4, and 6 kHz.
Significant positive correlations were found between the LD and the absolute values of the latency obtained with the f 2 sweep at 757, 879 Hz, 1.2 and 1.5 kHz. At these frequencies, the LD increased as the absolute value of the latency increased, when the later was measured with the f 2 sweep. When the latency was measured with the f 1 sweep method, significant negative correlations were found at 1.5 kHz. At 1500 Hz, the LD decreased as the absolute value of the latency obtained with the f 1 sweep increased.
B. Comparison between the different DPOAE components (same) primaries
As the different DPOAE components have been recorded simultaneously with the same primary frequencies, their forward latencies will be identical. A difference in latency will then be due to the return journey of the DPOAE from the generation site. Comparison between the latencies of different components could then bring new information about the different traveling delays of each component. (Fig. 8) a. f2 sweep. The 2 f 1Ϫ f 2 DPOAE latency correlated significantly with the 3 f 1Ϫ2 f 2 DPOAE latency across subjects for the following frequencies: 757 Hz ͑rϭ0.89, pϽ0.001͒, 1001 Hz ͑rϭ0.83, pϽ0.01͒, 5005 Hz ͑rϭ0.93, pϽ0.0001͒, and 6006 Hz ͑rϭ0.70, pϽ0.05͒.
3f1؊2 f2 and 2 f1؊f2
The 2 f 1Ϫ f 2 DPOAE latency was longer than the 3 f 1 Ϫ2 f 2 latency at all frequencies tested, with significant results ͑paired t test, pϽ0.05͒ obtained at frequencies ranging from 1 to 6 kHz with the exception of 4 kHz ͓Fig. 8͑A͔͒.
The difference in ms between both DPOAEs was 2.01 ms ͑s.d.ϭ1.2͒ on average, but varied with frequency ͓Anova on ranks, H͑9͒ϭ15.6, pϭ0.08͔. The difference between the two DPOAEs increased with frequency, reaching 3.9 ms FIG. 7 . Comparison of the latencies obtained by the f 2 sweep and the f 1 sweep method for the 3 f 1Ϫ2 f 2 DPOAE component. ͑A͒ 3 f 1Ϫ2 f 2 DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 2 sweep method ͑black circles͒ and with the f 1 sweep method ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑B͒ Differences in latencies in ms ͑mean Ϯ s.d.͒ between the two methods ͑f 2 sweepϪf 1 sweep͒ as a function of the f 2 frequencies in kHz, ͑3 f 1Ϫ2 f 2 DPOAE component͒. The number of ears for each frequency is the same as in ͑A͒. ͑C͒ Ratio of the latencies ͑mean Ϯ s.d.͒ obtained by the two methods ͑f 2 sweep/f 1 sweep͒ as a function of the f 2 frequencies in kHz, ͑3 f 1Ϫ2 f 2 DPOAE component͒. The number of ears for each frequency is the same as in ͑A͒.
͑s.d.ϭ2.2͒ at 1257 Hz, then decreased as frequency increased above 1.26 kHz, with 0.26 ms ͑s.d.ϭ0.36͒ at 6 kHz ͓Fig.
8͑B͔͒.
The ratio of latencies of the two DPOAEs ͑Latency 2 f 1Ϫ f 2 /Latency 3 f 1Ϫ2 f 2 ͒ was 1.32 on average ͑s.d. ϭ0.17͒, but varied significantly with frequency ͓Anova-R, F͑9,82͒ϭ3.7, pϽ0 .001͔. It increased with frequency up to 1.56 ͑s.d.ϭ0.5͒ at 3 kHz, and then decreased as frequency increased above 3 kHz, with 1.09 ͑s.d.ϭ0.12͒ at 6 kHz ͓Fig.
8͑C͔͒.
b. f1 sweep. The 2 f 1Ϫ f 2 DPOAE latency correlated significantly across subjects with the 3 f 1Ϫ2 f 2 DPOAE la- FIG. 8 . Comparison of the latencies of the 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 DPOAE components, with the f 2 sweep method ͑A͒-͑C͒ and with the f 1 sweep method ͑D͒-͑F͒. ͑A͒ DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 2 sweep method for the 2 f 1Ϫ f 2 component ͑black circles͒ and for the 3 f 1Ϫ2 f 2 component ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑B͒ Differences in latencies (L) in ms ͑mean Ϯ s.d.͒ obtained with the f 2 sweep method between the two DPOAE components (L2 f 1Ϫ f 2 -L3 f 1Ϫ2 f 2) as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑A͒. ͑C͒ Ratio of the latencies ͑mean Ϯ s.d.͒ of the two DPOAE components (L2 f 1Ϫ f 2/L3 f 1Ϫ2 f 2) obtained with the f 2 sweep method as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑A͒. ͑D͒ DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 1 sweep method for the 2 f 1Ϫ f 2 component ͑black circles͒ and for the 3 f 1Ϫ2 f 2 component ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑E͒ Differences in latencies (L) in ms ͑mean Ϯ s.d.͒ obtained with the f 1 sweep method between the two DPOAE components (L2 f 1Ϫ f 2 -L3 f 1Ϫ2 f 2) as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑D͒. ͑F͒ Ratio of the latencies ͑mean Ϯ s.d.͒ of the two DPOAE components (L2 f 1Ϫ f 2/L3 f 1Ϫ2 f 2) obtained with the f 1 sweep method as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑D͒.
tency
When each frequency was considered, no significant difference between the two DPOAE latencies was obtained. However, at frequencies below 2 kHz, the 2 f 1Ϫ f 2 latency was always longer than the 3 f 1Ϫ2 f 2 latency ͓Fig. 8͑D͔͒.
When all frequencies were pooled together, the 2 f 1 Ϫ f 2 latency was significantly longer than the 3 f 1Ϫ2 The mean ratio of latencies of the two DPOAEs was 1.13 ͑s.d.ϭ0.18͒, but varied significantly with frequency ͓Anova-R, F͑9,11͒ϭ2.67, pϭ0.011͔, ranging from 0.89 ͑s.d. ϭ0.23͒ at 5 kHz to 1.43 ͑s.d.ϭ0.75͒ at 4 kHz. This ratio was always above 1 at frequencies lower than 2 kHz, with a mean at 1.20 ͑s.d.ϭ0.11͒ at these frequencies ͓Fig. 8͑F͔͒. (Fig. 9) a. f2 sweep. No correlation across subjects between the 2 f 1Ϫ f 2 and the 2 f 2Ϫ f 1 DPOAE latencies was obtained, except at 1.5 kHz ͑rϭ0.72, pϽ0.01͒ and 4 kHz ͑rϭ0.72, pϽ0.05͒. For these frequencies, the 2 f 1Ϫ f 2 DPOAE latency increased as the 2 f 2Ϫ f 1 latency increased.
2 f1؊f2 and 2 f2؊f1
Whatever frequency was considered, the 2 f 1Ϫ f 2 latency was always longer than the 2 f 2Ϫ f 1 latency, with significant differences for frequencies above 1 kHz ͑pϽ0.05͒ ͓Fig. 9͑A͔͒. Both DPOAEs decreased linearly with the log of f 2, with no significant difference in the latency gradient, or the B constant. However, the variability of the points across the best fit line was significantly greater for the 2 f 2Ϫ f 1 DPOAE ͑1.0 ms, s.dϭ0.21͒ than for the 2 f 1Ϫ f 2 DPOAE ͑0.79 ms, s.d.ϭ0.22͒, ͑paired tϭ2.8, pϽ0.05͒. Similarly, correlation coefficients tended to be lower for the 2 f 2Ϫ f 1 DPOAE ͓0.90 ͑s.d.ϭ2.5ϫ10
The difference in ms between the two DPOAEs was 1.61 ms ͑s.d.ϭ1.07͒ on average. It varied significantly with frequency ͓Anova-R on ranks, H͑9͒ϭ19.9, pϽ0.05͔. The difference between the two DPOAEs increased with frequency up to 3.9 ms ͑s.d.ϭ1.87͒ at 1.2 kHz, and then decreased as frequency increased above 1.25 kHz, with 0.68 ms ͑s.d.ϭ0.87͒ at 6 kHz ͓Fig. 9͑B͔͒.
The ratio between the two latencies was 1.37 ͑s.d. ϭ0.20͒ on average, but varied significantly with frequency ͓Anova-R on ranks, H͑9͒ϭ23.5, pϽ0.005, nϭ10͔, ranging from 1.03 ͑s.d.ϭ0.94͒ at 750 Hz to 1.63 ͑s.d.ϭ1.40͒ at 1.2 kHz ͓Fig. 9͑C͔͒.
b. f1 sweep. No correlation between the 2 f 1Ϫ f 2 and the 2 f 2Ϫ f 1 DPOAE latencies has been obtained across the 12 subjects, except at 2 kHz ͑rϭ0.71, pϽ0.01͒ and 4 kHz ͑rϭ0.90, pϽ0.001͒. For these frequencies, the 2 f 1Ϫ f 2 DPOAE latency increased as the 2 f 2Ϫ f 1 latency increased.
No significant difference was obtained between the 2 f 1 Ϫ f 2 latency and the 2 f 2Ϫ f 1 latency, when all frequencies were considered together. However, the 2 f 1Ϫ f 2 DPOAE showed a significantly longer latency at two frequencies: at 2 kHz ͓5. (Fig. 10) a. f2 sweep. When all frequencies were considered, the 3 f 1Ϫ2 f 2 latency was longer than the 2 f 2Ϫ f 1 latency ͓6.69 ms ͑s. The mean difference between the two DPOAEs was 0.46 ms ͑s.d.ϭ0.69͒, and did not vary significantly with frequency ͓F͑9,65͒ϭ0.82, pϭ0.6͔. At high frequencies ͑above 1.5 kHz͒, the mean difference was 0.67 ms ͑s.d.ϭ0.29͒ ͓Fig.
2 f2؊f1 and 3f1؊2 f2
10͑B͔͒.
The mean ratio between the two latencies was 1.16 ͑s.d. ϭ0.15͒, with no significant variation according to the frequency tested. At high frequencies, this ratio was 1.25 ͑s.d. ϭ0.13͒ ͓Fig. 10͑C͔͒.
b. f1 sweep. No significant difference between the two DPOAE latencies was obtained, whether all frequencies were considered, or low frequencies, or high frequencies. The only significant result was found at 6 kHz, where the 3 f 1Ϫ2 f 2 DPOAE latency was significantly longer than the 2 f 2Ϫ f 1 DPOAE ͓2.38 ms ͑s.d.ϭ0.53͒ vs 1.86 ms ͑s.d.ϭ0.44͒ paired tϭ3.35, pϽ0.05, nϭ5͔ ͓Fig. 10͑d͔͒. The mean difference between the two DPOAEs was Ϫ0.30 ms ͑s.d.ϭ1.02͒, with no significant difference according to the frequency tested ͓Fig. 10͑E͔͒. Similarly, the mean latency ratio was 1.09 ͑s.d. ϭ0.20͒, and didn't vary significantly with frequency ͓Fig. 10͑F͔͒. Figure 11 shows examples of phase gradients of the 2 f 1 Ϫ f 2 and 3 f 1Ϫ2 f 2 DPOAEs over the same DPOAE frequency range, when the two DPOAE components have the same distortion frequency and the same f 2 frequency ͑and therefore different f 1 frequencies͒. The phase gradients of the two DPOAEs were similar, for the f 1 sweep and f 2 sweep, but a difference in phase was noticed.
C. Comparison of 3f1؊2 f2 and 2 f1؊f2 DPOAEs (same frequencies)
No significant difference between the latencies of the two DPOAE components was obtained, whether the whole frequency range was considered, or the low frequencies or the frequencies above 1.5 kHz ͓Fig. 12͑A͔͒. The difference in latency between the two DPOAEs was on average Ϫ0.8%, FIG. 9 . Comparison of the latencies of the 2 f 1Ϫ f 2 and 2 f 2Ϫ f 1 DPOAE components, with the f 2 sweep method ͑A͒-͑C͒ and with the f 1 sweep method ͑D͒-͑E͒. ͑A͒ DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 2 sweep method for the 2 f 1Ϫ f 2 component ͑black circles͒ and for the 2 f 1Ϫ f 1 component ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑B͒ Differences in latencies (L) in ms ͑meanϩ/Ϫs.d.͒ obtained with the f 2 sweep method between the two DPOAE components (L2 f 1Ϫ f 2 -L2 f 2Ϫ f 1) as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑A͒. ͑C͒ Ratio of the latencies ͑meanϩ/Ϫs.d.͒ of the two DPOAE components (L2 f 1Ϫ f 2/L2 f 2Ϫ f 1) obtained with the f 2 sweep method as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑A͒. ͑D͒ DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 1 sweep method for the 2 f 1Ϫ f 2 component ͑black circles͒ and for the 2 f 2Ϫ f 1 component ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑E͒ Differences in latencies (L) in ms ͑meanϩ/Ϫs.d.͒ obtained with the f 1 sweep method between the two DPOAE components (L2 f 1Ϫ f 2 -L2 f 2Ϫ f 1) as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑D͒. ͑F͒ Ratio of the latencies ͑meanϩ/Ϫs.d.͒ of the two DPOAE components (L2 f 1Ϫ f 2/L2 f 2Ϫ f 1) obtained with the f 1 sweep method as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑D͒.
ranging from Ϫ0.35 to 0.55 ms, i.e., Ϫ7.2% to 2.9% according to the frequency ͓Fig. 12͑B͔͒.
IV. DISCUSSION
A. Comparing the two different sweep methods 1. Adequacy of the comparison
The comparison between latencies obtained with the two different sweep methods would be valuable only if both methods give the latency from the same cochlea region, with the same recording conditions. The requirement of the same recording conditions was easily met, as show the results described in the companion paper: Paired t tests between both sweeps didn't show any significant difference in the noise floor, or in the signal-tonoise ratio. The mean variability of the phase due to noise was not significantly different according to the method chosen, whatever it was considered per subject, per frequency, or with all subjects and frequencies pooled together. For each pair of frequencies, both sweeps were centered on the optimum f 2/f 1. The phase gradient was calculated over an FIG. 10 . Comparison of the latencies of the 3 f 1Ϫ2 f 2 and 2 f 2Ϫ f 1 DPOAE components, with the f 2 sweep method ͑A͒-͑C͒ and with the f 1 sweep method ͑D͒-͑F͒. ͑A͒ DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 2 sweep method for the 3 f 1Ϫ2 f 2 component ͑black circles͒ and for the 2 f 1Ϫ f 1 component ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑B͒ Differences in latencies (L) in ms ͑meanϩ/Ϫs.d.͒ obtained with the f 2 sweep method between the two DPOAE components (L3 f 1Ϫ2 f 2 -L2 f 2Ϫ f 1) as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑A͒. ͑C͒ Ratio of the latencies ͑meanϩ/Ϫs.d.͒ of the two DPOAE components (L3 f 1Ϫ2 f 2/L2 f 2Ϫ f 1) obtained with the f 2 sweep method as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑A͒. ͑D͒ DPOAE latency ͑ms͒ as a function of the f 2 frequencies ͑kHz͒ obtained with the f 1 sweep method for the 3 f 1Ϫ2 f 2 component ͑black circles͒ and for the 2 f 2Ϫ f 1 component ͑black squares͒: meanϩs.d. obtained in a group of 12 subjects. The number of ears is specified along the X axis for each frequency. The stars indicate the levels of significance of the difference between the two methods ͑paired t test͒: *: pϽ0.05, **: pϽ0.005. ͑E͒ Differences in latencies (L) in ms ͑meanϩ/Ϫs.d.͒ obtained with the f 1 sweep method between the two DPOAE components (L3 f 1Ϫ2 f 2 -L2 f 2Ϫ f 1) as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑D͒. ͑F͒ Ratio of the latencies ͑meanϩ/Ϫs.d.͒ of the two DPOAE components (L3 f 1Ϫ2 f 2/L2 f 2Ϫ f 1) obtained with the f 1 sweep method as a function of the f 2 frequencies in kHz. The number of ears for each frequency is the same as in ͑D͒.
identical range of f 2/f 1 ratios for both sweep methods and showed reasonably linear PFF for both sweep methods ͑Moulin and Kemp, 1996͒. We have chosen the optimum ratios adapted to the 2 f 1Ϫ f 2 components, at the frequencies and levels used. Admittedly, the f 2/f 1 ratios chosen were the same for all subjects, and do not correspond to the precise optimum ratio specific to one subject, and therefore don't take into account the variability of the optimum ratio observed between subjects. However, even if we take the extreme values of the optimum ratio observed with our group of 12 subjects, these values fall within the range tested during the sweep. As the function obtained is quite linear, the phase gradient obtained with this extreme value of ratio cannot be much different from the latency obtained with the sweep centred on the optimum ratio. As the 2 f 2Ϫ f 1 DPOAE was recorded over the same ratio range as the 2 f 1 Ϫ f 2 components in most subjects, the comparison between both methods can be considered as adequate for both the 2 f 1Ϫ f 2 and the 2 f 2Ϫ f 1 DPOAE components.
However, the comparison was more difficult to validate for the 3 f 1Ϫ2 f 2 DPOAE component. Indeed, this component was not recordable above an f 2/f 1 ratio of 1.20, and its optimum ratio was 1.13 on average ͑s.d.ϭ0.014͒, decreasing as frequency increases from 1.15 ͑s.d.ϭ0.017͒ at 757 Hz to 1.10 ͑s.d.ϭ0.007͒ at 5 kHz ͑Moulin and Kemp, 1996͒. The optimum ratio of the 3 f 1Ϫ2 f 2 component was therefore smaller than that of the 2 f 1Ϫ f 2 component, so that the two sweeps did not cross each other at a common point for the 3 f 1Ϫ2 f 2. When f 1 was fixed, f 2 has been swept around a frequency situated below the f 2 frequency used for the f 1 sweep. According to the frequency tested, f 2 was 5% to 8% below the f 2 used for the f 2 fixed, f 1 sweep method. The formula: Latency (3 f 1Ϫ2 f 2, f 1 sweep) ϭ 7.1 Ϫ 6.3 log(f2) ͑38͒ gives the latency of the 3 f 1Ϫ2 f 2 as a function of the f 2 frequency ͑f 1 sweep͒. If the theoretical f 2 had been used ͑i.e., a slightly higher f 2͒, the latency obtained would have been shorter, as shown by the formula. The latency would have been 0.16 to 0.23 ms ͑i.e., 0.9% to 1.3%͒ shorter than our current results.
The same kind of calculation can be made for the f 2 fixed, f 1 sweep method. When f 2 was fixed, f 1 has been swept around a frequency above the f 1 frequency used for the f 2 sweep. The formula: Latency (3 f 1Ϫ2 f 2, f 2 sweep) ϭ 8.7 Ϫ 7.3 log(f1/1000) ͑37͒ gives the latency as a function of the f 1 frequency. If the theoretical f 1 had been used ͑i.e., a slightly smaller f 1͒, the latency obtained would have been 0.18 to 0.27 ms longer ͑i.e., 2.7% to 6%͒ than our current results. This shows that even with a DPOAE component that has an optimum ratio very different from the optimum ratios chosen during the recordings, the influence on the latency is very small and is not likely to affect the comparison between both methods.
Difference of latencies obtained with the two methods
The major finding of this study is the consistent presence of a difference between the latencies obtained by the two methods. The latency obtained with the f 2 sweep is consistently longer than the latency obtained with the f 1 sweep, whatever subject or frequency or DPOAE component in the lower sideband ͑amongst 2 f 1Ϫ f 2, 3 f 1Ϫ2 f 2, and 4 f 1 Ϫ3 f 2͒ is tested. Indeed, even if the results obtained with the 3 f 1Ϫ2 f 2 DPOAE are corrected according to the factors described above, a significant difference between both methods is still found at all frequencies. To confirm this difference, the 3 f 1Ϫ2 f 2 DPOAE has been recorded in two subjects, using different sets of primary frequencies, in order to obtain two sweeps crossing each other at a point corresponding to the optimum f 2/f 1 ratio for the 3 f 1Ϫ2 f 2. The f 2 frequencies have not been changed, whereas the f 1 frequencies have been modified to obtain an optimum f 2/f 1 ratio adapted for each frequency pair, ranging from 1.14 at low frequencies to 1.11 at high frequencies. The f 2 sweep gave a longer latency than the f 1 sweep, whatever frequency was FIG. 11 . Phase in cycles as a function of the DPOAE frequency ͑Hz͒ for the 2 f 1Ϫ f 2 DPOAE ͑dots͒ and the 3 f 1Ϫ2 f 2 DPOAE ͑squares͒ for two subjects. The best fit lines are drawn, and the slope is shown for each DPOAE. ͑A͒ F1 has been kept fixed at 4248 Hz, f 2 has been swept. ͑B͒ F2 has been kept fixed at 1001 Hz, f 1 has been swept. tested, in both subjects ͓Fig. 13͑a͒,͑b͔͒. Additionally, the 4 f 1 Ϫ3 f 2 DPOAE has been recorded for these two subjects, using the same f 2 frequencies, but the f 1 frequencies have been modified to obtain an optimum ratio of 1.08, which was adequate for the 4 f 1Ϫ3 f 2 DPOAE component: The f 2 sweep showed a longer latency than the f 1 sweep, for both subjects ͓Fig. 13͑c͒, ͑d͔͒.
The fact that the PFFs are different according to the sweep method used suggests that the movements of the f 2 and the f 1 traveling waves are read differently by the generation site, therefore that the generation site is in the region of the primaries. This agrees with the different studies showing the suppression of the 2 f 1Ϫ f 2 DPOAE ͑Brown and Kemp, 1984; Harris et al., 1992͒ and the 3 f 1Ϫ2 f 2 DPOAE ͑Martin et al., 1987͒ by pure tones stimulation or tone exposures at a frequency chosen in the region of the primaries. According to the different DPOAE models we have defined in the theoretical analysis, a longer f 2 sweep latency was expected if we assumed a generation site near the f 2 place. In the place-fixed model, the longer f 2 sweep latency is explained by an additional delay added by the peak of f 2. In the wave fixed model, the f 2 sweep latency depends of the change of phase of f 1 read by the moving DPOAE generation site ͑1 b ͒, but the theoretical analysis cannot certainly predict a longer f 2 sweep latency as 1 b is not known. In the intermediate model, both the peak of f 2 and the change of f 1 read by the moving DPOAE generation site can provide an additional delay in the f 2 sweep latency. Each of the three models can predict a longer f 2 sweep latency, so that comparison between the models and other results is necessary.
In the companion paper, the implication of the dispersive behavior of the traveling waves in connection with the PFFs has been discussed. The PFFs are not linear over any substantial frequency range. When a large range of ratios is considered, the phase gradient changes from high slope ͑and longer latencies͒ at low ratios to shallower slope ͑and shorter latencies͒ at high ratios ͑Moulin and Kemp, 1996͒. We would expect a smooth change in slope, for either a pure place-fixed or a pure wave-fixed model. Figure 14 shows an example of quite abrupt gradient changes over a large f 2/f 1 ratio range. Therefore, we suggest that these discontinuities in slope reflect a change in the DPOAE generation site loca- FIG. 12 . Difference in the latency of the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE components when they have the same frequency. ͑A͒ DPOAE latency in ms ͑meanϩ/Ϫs.d.͒ as a function of frequency ͑kHz͒, for the f 1 sweep method. Circles and squares, respectively, represent the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE components. The frequency f 1 has been adjusted and is different for each DPOAE, so that the frequency of the 2 f 1Ϫ f 2 DPOAE and the 3 f 1Ϫ2 f 2 DPOAEs were identical. The f 2 frequency has been kept fixed. The number of subjects is shown along the x axis. ͑B͒ Difference in ms ͑meanϩ/Ϫs.d.͒ between the latency of the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE as a function of frequency. As in ͑A͒, the frequency of the 2 f 1Ϫ f 2 and of the 3 f 1Ϫ2 f 2 DPOAEs were identical. Circles represent data obtained with the f 2 sweep method, and squares represent data obtained with the f 1 sweep method. The number of subjects is the same as ͑A͒.
FIG. 13
. DPOAE latencies ͑ms͒ as a function of frequency ͑kHz͒ for two subjects ͑S3 and S12͒ for the 3 f 1Ϫ2 f 2 DPOAE component ͓͑a͒ and ͑b͔͒ and the 4 f 1Ϫ3 f 2 component ͓͑c͒ and ͑d͔͒. The f 2/f 1 ratio range has been adapted to each frequency and DPOAE component tested. Black circles represent latencies obtained with the f 2 sweep method whereas black triangles represent latencies obtained with the f 1 sweep method.
tion as the frequency is modified. This agrees with a model sharing the properties of a place-fixed model, for small frequency changes, and, between the different place-fixed sites, the properties of the wave-fixed model if the DPOAE generation moves with f 2. Furthermore, this model shows the need for sudden jumps of the DPOAE generation place, which would exceed the rate of the f 2 wave movement. Without these ''jumps,'' as f 2 is directed more and more apically, the DPOAE place of generation would accumulate a shift toward the basal end, away from the peak of the traveling wave envelope, i.e., toward a region where the overlap of both traveling waves would not be of sufficient intensity to create a DPOAE.
Other arguments in favor of the appropriateness of the intermediate model come from the analysis of the correlations between the latencies obtained with the two sweeps. The measured latency of the 2 f 1Ϫ f 2 component obtained with the f 2 sweep ͑Lat (2 f 1Ϫ f 2) f 2͒ correlates significantly with the latency obtained with the f 1 sweep ͑Lat (2 f 1Ϫ f 2) f 1͒ across individuals, at each frequency. By linear regression:
with c and d constants ͑39͒
At high frequencies, the latency ratio ͑Lat (2 f 1Ϫ f 2) f 2/Lat (2 f 1Ϫ f 2) f 1͒ showed a positive correlation with individual Lat (2 f 1Ϫ f 2) f 2. Same result was found with the difference in latency between the two sweeps: The difference Lat (2 f 1Ϫ f 2) f 2ϪLat (2 f 1Ϫ f 2) f 1 increased as Lat f 2 increased. However, no correlation was found between Lat (2 f 1Ϫ f 2) f 1 and either the latency ratio
f 1 ͑except at 1 kHz͒ across the population. Therefore, we can say that the ratio
ϪLat (2 f 1Ϫ f 2) f 1 do not depend on Lat (2 f 1Ϫ f 2) f 1. So, they depend on the additional independent factor that is present in Lat (2 f 1Ϫ f 2) f 2 but not in Lat (2 f 1Ϫ f 2) f 1. This additional factor corresponds to ''d'' in the linear regression equation described above ͑39͒. We would expect the factor ''d'' to contribute to the variance in Lat (2 f 1Ϫ f 2) f 2. This is confirmed by our data as Lat (2 f 1Ϫ f 2) f 2 variability across the best fit line according to frequency is greater than the Lat (2 f 1Ϫ f 2) f 1 variability ͑0.79 ms vs 0.67 ms͒. In the same way, the standard deviation of the mean latency ͑s.d.͒ obtained with the f 2 sweep is greater than the s.d. obtained with the f 1 sweep ͑1.22 for the f 2 sweep vs 0.91 for the f 1 sweep, paired tϭ4.95, pϽ0.001͒ whatever frequency is considered. We can now consider how the behavior described above relates to the different DPOAE generation site models. As seen before, the measured latencies such as Lat (2 f 1Ϫ f 2) f 2 or Lat (2 f 1Ϫ f 2) f 1 correspond to a forward latency ͑FL͒, plus a return latency ͑RL͒. As the latencies obtained with an f 1 sweep and with an f 2 sweep are calculated over a range centered on the same frequency region ͑Fig. 3͒, the return latencies obtained by an f 1 sweep and an f 2 sweep are equal. Therefore, the difference in measured latencies obtained between the two sweeps methods ͓i.e., Lat (2 f 1Ϫ f 2) f 2ϪLat (2 f 1Ϫ f 2) f 1, which is always positive͔ must be equal to the difference in the forward latency, and thus can be compared to the forward latencies expected for the DPOAE model we have defined:
͑1͒ First, k is considered to be equal to 0, which is actually the place-fixed case. In the place-fixed model, we have already discussed why we believe that the extra-delay recorded by the f 2 sweep is due to the contribution of the peak region of the f 2 traveling wave. According to Eq. ͑5͒, the DPOAE latency depends only on the f 2 phase change during an f 2 sweep. That would explain why the ratio of latencies depends more on the Lat (2 f 1Ϫ f 2) f 2 and not on Lat (2 f 1Ϫ f 2) f 1 across the population.
͑2͒ Secondly, k is considered to be equal to 1, which is the wave-fixed case. In this case, the extra-delay found with the f 2 sweep is more difficult to explain. Equation ͑7͒ shows that the latency obtained by the f 2 sweep depends actually on the phase change of the f 1 wave, met during an f 2 sweep, therefore depending on both f 1 and f 2 waves. The relation between the change of phase of f 1 during an f 1 sweep ͑1͒ and the change of phase of f 1 met during an f 2 sweep ͑ b 1͒ is not known, but as b 1 and 1 relate to the same wave, b 1 is a function of 1. As a simplification, we will assume that b 1 is proportional to 1:
Equation ͑41͒ does not predict the experimental results, which show that the variance of the latency ratio Lat (2 f 1Ϫ f 2) f 2/Lat (2 f 1Ϫ f 2) f 1 and of the latency difference
FIG. 14. Phase of the 2 f 1Ϫ f 2 DPOAE ͑degrees͒ as a function of the f 2/f 1 ratio. F2 has been kept fixed while f 1 was changed in frequency. The latencies (L) in ms have been calculated for each portion of the function, specified with different symbols. The arrow indicates the optimum f 2/f 1 ratio found at this frequency for this subject.
͑3͒ Lastly, the general case is considered. The intermediate model allows (FL2 2 f 1Ϫ f 2 ) i to depend on both the phases of f 1 and f 2.
Following equation ͑41͒, Eq. ͑10͒ becomes:
This agrees with our results, showing that
It shows that Lat (2 f 1Ϫ f 2) f 2 depends not only on Lat (2 f 1Ϫ f 2) f 1, but also on another factor: The phase change of f 2 during an f 2 sweep, which is, of course, nonexistent during an f 1 sweep.
Analysis of the correlations between the latencies obtained with the two sweeps, for the 3 f 1Ϫ2 f 2 DPOAE component, shows similar results, although more variable. This variability can be attributed to more noisy data and to the smaller sample of ears showing presence of the 3 f 1Ϫ2 f 2, as described in the companion paper. Moreover, 3 f 1Ϫ2 f 2 DPOAE latencies have been calculated using a smaller number of measurement points, the 3 f 1Ϫ2 f 2 being available over a restricted f 2/f 1 ratio range. Although only latency results obtained from PFFs comprising at least four points with a correlation coefficient above 0.95 have been taken into account, the intersubject latency differences were greater for the 3 f 1Ϫ2 f 2 than for the 2 f 1Ϫ f 2 ͑59% and 67% for the f 2 and f 1 sweeps versus 52% for the 2 f 1Ϫ f 2͒.
The 3 f 1Ϫ2 f 2 DPOAE latencies obtained with the f 1 sweep ͑Lat (3 f 1Ϫ2 f 2) f 1͒ correlated significantly with the latencies obtained with the f 2 sweep ͑Lat (3 f 1Ϫ2 f 2) f 2͒ at some frequencies. The Lat (3 f 1Ϫ2 f 2) f 2/Lat (3 f 1Ϫ2 f 2) f 1 showed significant positive correlation with Lat (3 f 1Ϫ2 f 2) f 2 and negative correlation with Lat (3 f 1Ϫ2 f 2) f 1 for some frequencies, therefore depending on both Lat (3 f 1Ϫ2 f 2) f 1 and
However, the Lat (3 f 1Ϫ2 f 2) f 2 ϪLat (3 f 1Ϫ2 f 2) f 1 correlated significantly with Lat (3 f 1Ϫ2 f 2) f 2, but was not significantly correlated with Lat (3 f 1Ϫ2 f 2) f 1 except for the 1.5-kHz frequency. To a certain extent, the 3 f 1Ϫ f 2 component behaves like the 2 f 1 Ϫ f 2 component, as Lat (3 f 1Ϫ2 f 2) f 2 depends on the frequency tested like Lat (3 f 1Ϫ2 f 2) f 1, but also on another parameter which is not tested by the f 1 sweep. Furthermore, the standard deviation obtained with the f 2 sweep tends to be greater than the s.d. obtained with the f 1 sweep: ͑1.28 vs 0.95, tϭ2.1, pϭ0.07͒.
B. Comparing the different DPOAE components 1. 2 f1؊f2 and 3f1؊2 f2
Low-frequency sideband DPOAEs are hypothesized to have the same generation site, i.e., around f 2 ͑Kemp and Brown, 1983; Brown and Gaskill, 1990; Allen and Fahey, 1993͒ . Analysis of the differences between the latencies of 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 could bring new data about the backward transmission delays of the DPOAEs.
The theoretical analysis using the formulas for the placefixed model predicted no differences between the 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 latencies according to the sweep method used. For the wave-fixed and intermediate models, it predicted that the differences between the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 latencies varied according to the sweep method used.
The results presented in this paper agree with this analysis, showing that latency differences between the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE components differ according to the f 1 sweep or f 2 sweep methods used. The wave-fixed and intermediate models seem to be more appropriate. The Eqs. ͑20͒ and ͑21͒ of the theoretical analysis agree with our results, showing a significantly longer 2 f 1Ϫ f 2 DPOAE latency than the 3 f 1Ϫ2 f 2 DPOAE component, when the f 2 sweep method is used ͓Fig. 8͑A͔͒. However, the experimental results show a small difference between the latency of the 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 DPOAEs when using the f 1 sweep method ͓Fig. 8͑D͔͒. This difference didn't reach statistical significance when considered for each frequency, but became significant when all the frequencies were pooled together. This disagrees with the prediction of the absence of difference by our theoretical analysis of the two components.
The discrepancy between the experimental results and our initial analysis can be explained by the fact that the theoretical analysis, dealing with only forward latencies, doesn't take into account the return latencies. For both components, the f 2 primary is the same. Being lower frequency, the 3 f 1 Ϫ2 f 2 should travel faster and would have a shorter return latency than the 2 f 1Ϫ f 2 if they were emitted by the same site. Both components should have the same inward journey as they are elicited by the same primaries but a difference in latency should occur only in the return journey which is a fraction of the inward journey. Therefore, the difference in f 1 sweep latencies between both components is expected to be small. Such difference agrees with the results found.
The difference between the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE latencies obtained with an f 1 sweep ͑Lat (2 f 1Ϫ f 2 ) f 1ϪLat (3 f 1Ϫ2 f 2) f 1͒ can be used to estimate the time needed by the return journey of the DPOAEs.
We can approximate that the ratio of the velocities of 3 f 1Ϫ2 f 2 and 2 f 1Ϫ f 2 is proportional to the ratio of their frequencies 2 f 1Ϫ f 2/3f 1Ϫ2 f 2:
with FL1 (3 f 1Ϫ2 f 2) and FL1 (2 f 1Ϫ f 2) the forward latencies ͑with an f 1 sweep͒ and RL (3 f 1Ϫ2 f 2) and RL1 (2 f 1Ϫ f 2) the return latencies. Because 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 have been recorded simultaneously with the same primaries, the forward latency is identical for both components. Hence
are given by the experimental results.
Because of the assumption that the ratio of the velocities is proportional to the ratio of the frequencies, we have
RL1 (2 f 1Ϫ f 2) and RL1 (3 f 1Ϫ2 f 2) can then be calculated for each frequency set, using equations ͑45͒ and ͑46͒.
The difference in latency obtained experimentally varies from Ϫ0.45 to 2.93 ms according to the frequency tested ͓Fig. 8͑E͔͒. This results in a computed return latency varying from Ϫ2.07 to 9.20 ms for the 2 f 1Ϫ f 2 DPOAE, and from Ϫ1.63 ms to 6.27 ms for the 3 f 1Ϫ2 f 2 DPOAE. Expressed as a percentage of the total latency, then the return latency varies from Ϫ50% to 84% and from Ϫ74% to 88% for, respectively, the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 DPOAE component. The great variability shown in these results can be explained by several factors: first, the latencies of both components have been calculated using strictly the same primary frequencies for each subject, i.e., using only the measurement points that showed, for each ear and frequency, both a 2 f 1Ϫ f 2 and a 3f1Ϫ2 f2 DPOAE component. Furthermore, only latency gradients calculated over at least four points with a correlation coefficient above 0.95 have been selected, which contributed to reduce the sample of data available ͑for instance, only five out of the 12 ears tested showed valid data at 2 kHz͒. Second, the 2 f 1Ϫ f 2 latencies have been calculated not only using a smaller number of measurement points, but also in a ratio range below the optimum ratio, so that the signal-to-noise ratio was much smaller, adding variability to the data.
An average across all frequencies shows that the mean return latency is 1.95 ms ͑s.d.ϭ3.24͒ for 2 f 1Ϫ f 2 and 1.33 ms ͑s.d.ϭ2.26͒ for 3 f 1Ϫ2 f 2, which represent 18.24% ͑s.d. ϭ50.58͒ and 18.16% ͑s.d.ϭ40.99͒ of the total latency for, respectively, the 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 DPOAE components. This agrees with our hypothesis of a return latency shorter than the inward latency. Our previous estimate of the return latency, based on a comparison with the auditory brain-stem responses ͑ABR͒ data presented by Neely et al. ͑1988͒ were 49% and 31% for the f 2 sweep and f 1 sweep methods, respectively ͑Moulin and Kemp, 1996͒. This suggests a better agreement between the electrophysiological data and the latencies obtained with an f 1 sweep method, than the latencies obtained by a f 2 sweep method. Moreover, this agrees with our hypothesis of an additional phase delay added by the contribution of the f 2 peak when the f 2 sweep method is used. This extra delay is not present in the f 1 sweep method, nor it is in electrophysiological latencies.
The disagreement between the return latencies obtained by comparison with the ABR data ͑representing 31% of the total latency͒ in the companion paper, and those obtained here by comparison of two DPOAE components ͑18% of the total latency͒ can be attributed to variability. Indeed, ABR data have not been recorded in the same subjects as in this study, nor at exactly the same stimulus levels, and they were based on the assumption that the ABR wave V latency can be separated into two components: a mechanical component and a neural component. We have seen how variable are the results obtained by comparison between the two DPOAE components. There is a general agreement between the two methods, about a return latency shorter than the inward latency, but determining the precise part of the latency due to the forward transmission and to the backward transmission needs further investigation.
To test the hypothesis of a common generation site around f 2 for lower sideband DPOAEs, 2 f 1Ϫ f 2 and 3 f 1 Ϫ2 f 2 latencies have been compared when both components have the same distortion frequency, and therefore different primary frequencies.
F1 sweep method. If we consider that the 2 f 1Ϫ f 2 and the 3 f 1Ϫ2 f 2 have the same site of origin, namely the f 2 place, then during an f 1 sweep, their generation sites remain the same. The latency of 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 have been compared, with the same f 2 primary frequency, and different first primaries: f a1 and f b1, so that both components had the same frequency: so 2 f a1Ϫ f 2ϭ3 f b1Ϫ2 f 2. Because they have the same frequencies, they are traveling at the same velocity from the launch site, and their return journey is identical. Our results show that they have the same latency. This is in agreement with Brown et al. ͑1992͒ , who found a similar latency for 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 DPOAE components recorded at the same frequency with the same f 2 frequency at 4 kHz. This agrees with a common origin at the f 2 place and a launch site at the f 2 place.
F2 sweep method. For 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 to be at the same frequency with the same f 1, f 2 must be different. Fb2 is the second primary frequency that will elicit a 3 f 1 Ϫ2 f b2 at the same frequency as 2 f 1Ϫ f a2, so 2 f 1Ϫ f a2 ϭ3 f 1Ϫ2 f b2, which is equivalent to f b2ϭ( f 1ϩ f a2)/2. f b2 will have a lower frequency than f a2. Both DPOAE components have a different origin site, with the 3 f 1Ϫ2 f b2 generation site ( f b2) situated apically from the 2 f 1Ϫ f a2 generation site ( f a2). If the DPOAEs were reemitted from their assumed site of generation, the 3 f 1Ϫ2 f b2 would be expected to have a longer latency as its generation site is situated at a more apical place than the 2 f 1Ϫ f a2. The results presented in this paper show an almost identical latency between the 3 f 1Ϫ2 f b2 and the 2 f 1Ϫ f a2 DPOAE components. However, the f b2 needed is only 7.6% to 9.7% lower than the f a2 frequency. According to the latency gradients obtained for the 3 f 1Ϫ2 f b2 DPOAE components, this would result in a difference in latency ranging from 0.22 to 0.28 ms according to the frequency tested. It is likely that such small difference could not be seen in the results presented in this paper, taking into account the latency variability of the 3 f 1Ϫ2 f b2 DPOAE component.
These results do not disagree with the hypothesis of a common generation site situated near the f 2 frequency, but they do not allow a more precise conclusion.
2 f2؊f1 and lower sideband DPOAEs
Several differences between the 2 f 2Ϫ f 1 DPOAE component and the lower sideband DPOAEs were already noted in the companion paper: Differences in intersubject variability and differences in the influence of gender on the latency. This paper shows differences in the latency ratios and in the latency values.
a. Difference between the two sweeps methods according to the DPOAE components. The most noticeable difference between the 2 f 2Ϫ f 1 DPOAE component and the lower sideband DPOAEs, is the absence of systematic and ence, or even a 2 f 2Ϫ f 1 latency shorter than the 2 f 1Ϫ f 2 latency at two frequencies, was obtained between 2 f 2Ϫ f 1 and lower sideband DPOAE latency. A shorter 2 f 2Ϫ f 1 latency than 2 f 1Ϫ f 2 latency has been reported in gerbils by Brown and Kemp ͑1985͒, using an f 1 sweep method, and by Whitehead et al. ͑1994͒. Brown and Kemp ͑1985͒ suggested that the acoustic 2 f 2Ϫ f 1 DPOAE generated near the f 2 site could be conducted to the base as fluid borne sound waves and result in restimulation of the cochlea from the base. This hypothesis could account for a very low return latency, but cannot explain the absence of difference of latencies obtained between the two sweeps observed in this paper. Moreover, comparison between 2 f 2Ϫ f 1 and lower sideband DPOAEs, using the f 2 sweep method, has shown theoretical predictions in disagreement with the results obtained, suggesting that the hypothesis of a common generation site cannot explain the results presented in this paper.
We think that a possible generation site for the 2 f 2Ϫ f 1 could be the region near the 2 f 2Ϫ f 1 frequency itself, which would agree with the results of suppression and pure tone exposure experiments ͑Martin et al., 1987͒.
C. DPOAE phase gradient functions and traveling wave patterns
The results presented in this paper show that the lower sideband DPOAEs latencies depend on the sweep method used. As they are generated in the primary frequency region, near the f 2 peak, they are likely to be very sensitive to changes in the pattern of the peak of the traveling wave. According to the intermediate model of generation we defined, the extra delay recorded when calculating the latency with an f 2 sweep is added by the contribution of the phase near the f 2 peak region. It is generally accepted that active mechanisms or the cochlea amplifier are responsible for a sharpening of the peak of the traveling wave pattern ͑Davis, 1983͒, and that is responsible for at least part of the cochlear frequency selectivity. The dependence of DPOAE amplitude upon active mechanisms within the outer hair cell system is already well known. Attempt to relate cochlear frequency selectivity to DPOAE amplitude measurements, using psychophysical equivalent rectangular bandwidth and the amplitude of 2 f 1Ϫ f 2 DPOAE vs f 2/f 1 functions have shown a possible link between DPOAEs and frequency selectivity ͑Brown et al., 1993͒. However, we think that delays measured by the DPOAE PFFs could bring a more specific measure of the pattern of the traveling waves. The difference in latency recorded by an f 1 and an f 2 sweep could reflect the pattern of the traveling waves near the primary frequency region, more specifically, the near f 2 peak region. In that way, the difference obtained between the two sweeps could be linked to the pattern of the traveling waves, and therefore to the cochlear frequency selectivity. Attempt to use OAE to characterise the traveling wave pattern has already been made ͑Brass and Kemp, 1993͒. The traveling wave peaks extend over a certain region of the cochlear partition. If this region is small, the wave number increases near the peak region, and the peaks of the traveling waves would be more separated within the cochlear partition. As one primary frequency is moved, a large change in phase would be read, leading to a longer latency as the primaries are closer to each other, and a large change of latency as a function of the f 2/f 1 ratio. The phase delay added by the f 2 peak would be concentrated within a small ratio range, and would increase the phase gradient, increasing the latency measured by the f 2 sweep, whereas the latency measured by the f 1 sweep would be less modified. This would result in a larger difference between the latencies obtained by the f 2 sweep and by the f 1 sweep, especially if a small f 2/f 1 ratio is chosen. By contrast, if the peaks of the traveling wave envelopes extend over a larger region, the number of waves would not change so drastically near the peak. Therefore, the latency would change more smoothly with the f 2/f 1 ratio, and the additional phase delay introduced by the f 2 peak region during an f 2 sweep would be small, leading to a smaller difference between latencies obtained with an f 1 and an f 2 sweep. In summary, very sharp traveling wave peaks would give a sharp latency vs f 2/f 1 function, and a large latency difference between f 1 and f 2 sweep, whereas larger peaks of traveling wave envelopes would give a shallower latency versus f 2/f 1 function and a small latency difference between f 1 and f 2 sweeps.
Analysis of the differences in latencies obtained between the two methods, across frequencies, shows that the largest differences occur in the mid-frequency region, and decreases at low and high frequencies. However, as the latency decreases as frequency increases, the ratio of latencies between the f 1 sweep and the f 2 sweep methods gives a more relevant indication of the separation of the two latencies. The ratio is the greatest for f 2 frequencies ranging from 2 to 4 kHz. Equivalent rectangular bandwidths can be used to express auditory filter shapes and frequency selectivity. It is well known that the auditory filter shapes vary with the center frequency ͑Patterson and Moore, 1986͒. We have used the equation reported by Patterson and Moore ͑1986͒, describing the equivalent rectangular bandwidth ͑ERB͒ as a function of the centre frequency ( f ): ERBϭ6.23f 2 ϩ93.39f ϩ28.52, to calculate the ratios of the center frequency divided by the equivalent rectangular bandwidth. The function obtained is parabola-shaped, with the greatest values, reflecting the greatest frequency selectivity, between 1.5 and 3 kHz ͑Fig. 15͒. An analogy of shape between the ratio of latencies obtained between the two sweeps and the auditory filters function can be seen. A shift in frequency can also be noticed, with the greatest values for the latency ratio for f 2 around 3 kHz, and the greatest values for the frequency selectivity around 2 kHz, i.e., half an octave below. This shift in frequency could be explained by the fact that the largest ratio between both sweep latencies would be obtained with both primaries showing a sharp peak of traveling wave, therefore with both primaries, and not only f 2, in a region of great frequency selectivity. However, the existence of a possible relation between the ratio of latencies obtained by the two sweep methods and cochlear frequency selectivity needs further investigation.
V. CONCLUSIONS
This paper compares several features of the DPOAE PFFs recorded in human ears, according to an f 1 sweep and an f 2 sweep recording methods. Furthermore, the 2 f 1Ϫ f 2, 2 f 2Ϫ f 1, and 3 f 1Ϫ2 f 2 DPOAE component latencies are compared.
͑1͒ The latencies obtained using the f 2 sweep were consistently longer than the latencies obtained with the f 1 sweep, for all the lower sideband DPOAEs studied, showing that the lower sideband DPOAEs phase gradient depends on the peak of the traveling waves, which agrees with a generation site around the primary frequencies. No latency difference between the two sweeps was shown for the 2 f 2Ϫ f 1 DPOAE, suggesting that this DPOAE does not depend on the same aspect of the traveling waves.
͑2͒ The two main models of OAE generation sites, i.e., place-fixed and wave-fixed site were analyzed, and a third model, the intermediate model was introduced. This model shows how, for small changes in frequency, the DPOAE generation process can be considered as place fixed, but can be perceived as a wave-fixed model on average for substantial changes in frequency. Such a model is proposed to explain part of the phase irregularities of the PFFs, and the longer latency obtained with an f 2 sweep than with an f 1 sweep. The longer delay obtained with an f 2 sweep is hypothesized to come from an additional delay added by the proximity of the peak of the f 2 traveling wave, and then to depend on the shape of the peak of the traveling wave. The intermediate model proposed predicted the results of the differences in latency between 2 f 1Ϫ f 2 and 3 f 1Ϫ2 f 2 obtained with both sweeps.
͑3͒ Comparison of two lower sideband DPOAEs allowed us to estimate the return DPOAE latency, which was on average 18.2% of the total latency. This suggests a shorter DPOAE return latency than the forward latency, and a better agreement between the electrophysiological data with the latencies obtained with an f 1 sweep method, than with the latencies obtained by a f 2 sweep method.
͑4͒ The results obtained when comparing the 2 f 2Ϫ f 1 DPOAE latency with the lower sideband DPOAEs were inconsistent with the model predictions if we assumed that all DPOAEs had the same DPOAE generation site. This suggests that the 2 f 2Ϫ f 1 DPOAE is not launched from the same site as the lower sideband DPOAEs.
͑5͒ Finally, the ratios of the latencies obtained by the two sweep methods is frequency dependent, ranging from 1.2 at 750 Hz to more than 1.5 between 2 and 4 kHz. An analogy between this ratio and the cochlear mechanical frequency selectivity is shown and the existence of a possible link between this ratio and cochlear frequency selectivity is hypothesized.
